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Background:Oma1 is a conserved membrane-bound protease that forms a high molecular mass complex.
Results: Oma1 activity is induced by stress stimuli and required for survival. The activation is linked to changes in Oma1
oligomer stability and involves its C-terminal region.
Conclusion:Oma1 function is activated by mitochondrial stress and is important for stress tolerance.
Significance: Novel insights into Oma1 function and a potential stress activation mechanism are provided.
Functional integrity of mitochondria is critical for optimal
cellular physiology. A suite of conserved mitochondrial pro-
teases known as intramitochondrial quality control represents
one of the mechanisms assuring normal mitochondrial func-
tion. We previously demonstrated that ATP-independent met-
alloprotease Oma1 mediates degradation of hypohemylated
Cox1 subunit of cytochrome c oxidase and is active in cyto-
chrome c oxidase-deficient mitochondria. Here we show that
Oma1 is important for adaptive responses to various homeo-
static insults and preservation of normal mitochondrial func-
tion under damage-eliciting conditions. Changes in membrane
potential, oxidative stress, or chronic hyperpolarization lead to
increased Oma1-mediated proteolysis. The stress-triggered
induction of Oma1 proteolytic activity appears to be associated
with conformational changes within the Oma1 homo-oligo-
meric complex, and these alterations likely involve C-terminal
residues of the protease. Substitutions in the conserved C-ter-
minal region of Oma1 impair its ability to form a labile proteo-
lytically active complex in response to stress stimuli. We dem-
onstrate that Oma1 genetically interacts with other inner
membrane-bound quality control proteases. These findings
indicate that yeast Oma1 is an important player in IM protein
homeostasis and integrity by acting in concert with other
intramitochondrial quality control components.
In addition to being a hub for a number of vital cellular func-
tions, mitochondria are also a potent source of reactive oxygen
species generated as the by-products of respiration (1). The
complex protein folding environment in the inner mitochon-
drial membrane (IM)2 arising from the bigenomic nature of
mitochondrial proteome is an additional homeostatic chal-
lenge (2). Over time, these factors can lead to oxidative damage
of polypeptides, protein misfolding, mismatches in the stoichi-
ometry of respiratory complexes, and, subsequently,mitochon-
drial dysfunction (2, 3). Normal mitochondrial function is
maintained through several functionally intertwined mecha-
nisms commonly known as mitochondrial quality control
(reviewed in Refs. 3–5). One such mechanism, the intramito-
chondrial quality control (IMQC), comprises an intricate net-
work of evolutionary conserved proteases and molecular chap-
erones (3–5). The IMQC proteases are distributed throughout
mitochondrial subcompartments, where they survey folding
and assembly status of proteins and selectively degrade mis-
folded, damaged, or nonassembled polypeptides (3, 4). The best
studied IMQC components are AAA family proteases localized
to the IM (m-AAAand i-AAA) andmitochondrialmatrix (ClpP
and Lon proteases) (3–5). In addition to elimination of mis-
folded/damagedproteins, these enzymes are involved in a num-
ber of key mitochondrial processes by degrading/processing
regulatory proteins or acting as molecular chaperones (4).
Despite the significant progress in understanding IMQC func-
tions, many aspects thereof remain unclear. Among these
aspects are the exact roles of less characterized conserved
IMQC components and the mechanisms by which IMQC
senses mitochondrial damage.
Oma1 (overlapping activities with m-AAA 1) is a conserved
ATP-independent M48-type zinc metalloprotease, a member
of the metazincins family (6, 7). Oma1 is intrinsic to the IM,
where it exists as a high molecular weight complex (8, 9). Stud-
ies in yeast and mammalian cells indicate that Oma1 may be a
stress-activated protease (9–11). Likewise, HtpX, the bacterial
ortholog of Oma1, has been implicated as a stress-inducible
molecule (12, 13). In response to impaired Cox1 hemylation
and related hemeA-mediated stress, Oma1was shown to selec-
tively mediate the rapid turnover of newly synthesized cyto-
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chrome c oxidase subunit Cox1, in yeast cells lacking the Coa2
assembly factor (9). Depletion of Oma1 in coa2 cells leads to
stabilization of newly synthesized Cox1 and allows its matura-
tion to proceed (9, 14). This situation is analogous to the
recently reported case where attenuation of the mammalian
m-AAA protease led to partial stabilization of a mutant Cox1
and restoration of cytochrome c oxidase levels (15). Inmamma-
lian cells, Oma1 activation was reported to occur in severely
depolarized or ATP-depleted mitochondria (10, 11). There, in
conjunction with the m-AAA protease, Oma1 was implicated
in stress-triggered proteolytic processing of dynamin-like
GTPase OPA1 (10, 11). The physiological importance of Oma1
is underscored by the finding that its depletion in the mouse
model reduces energy expenditure and specifically leads to obe-
sity and altered thermogenesis, as well as affected cold stress
resistance (16).
The mechanisms of mitochondrial dysfunction sensing by
Oma1 and its subsequent activation are currently unclear. One
study reported that in functional mitochondria, active Oma1 is
down-regulated by an unknown protease, whereas dissipation
of the membrane potential was shown to prevent Oma1 cleav-
age, thereby stabilizing the active protease (11). However, a
subsequent study with isolated mitochondria indicated that
Oma1 is not likely regulated by proteolytic degradation (17).
While studying the behavior of Oma1 in Coa2-deficient yeast
cells, we discovered that the increase of Oma1-attributed pro-
teolytic activity correlatedwith changes inmigration of aOma1
high mass complex on blue native PAGE gels (9). Similar alter-
ations were observed in several respiratory mutants, as well as
in hydrogen peroxide-treated wild type cells, indicating that
Oma1 proteolytic response to mitochondrial stress may be a
general phenomenon.
In the present study, we sought to further investigate the role
ofOma1 inmitochondrial protein homeostasis and stressman-
agement.We showhere that yeastOma1 is an important IMQC
component involved in adaptive responses to various stresses
andpreservation of normalmitochondrial functionunder dam-
age-eliciting conditions. We provide evidence that the stress-
triggered induction of Oma1 proteolytic activity is associated
with conformational changes within Oma1 homo-oligomer
and that these alterations likely involve the conserved C-termi-
nal residues of the protease. Further analyses indicate that
Oma1 genetically interacts with key IMQCmodules. Cells lack-
ing functional Oma1 in the absence of either m- or i-AAA pro-
tease are severely growth-compromised at elevated tempera-
tures and in the stationary growth phase. Collectively, our
results demonstrate that Oma1 plays a central role in the pres-
ervation of mitochondrial functional integrity.
EXPERIMENTAL PROCEDURES
Strains, Plasmids, and Growth Media—Saccharomyces
cerevisiae strains used in this work are described in Table 1.
Yeast cells were cultured in either rich YP medium or amino
acid-supplemented synthetic complete medium. The media
contained 2% glucose or 2% galactose or a 2% glycerol and 2%
lactatemix as a carbon source. Disruptions of the chromosomal
loci of the respective genes were generated by homologous
recombination as described previously (18). To construct the
oma1::URA3MX deletion containing strains, the cassette was
PCR-amplified from plasmid pAG60 (19) using primers
OMA1-URA3MX for (5-GCGACATCAACCAATCTAAGT-
TAAGGTATGGAAAGATAAAATACAAGAAGAACGCG-
GCCGCCAGCTGAAGCTTCGTACG-3) and OMA1-URA-
3MX rev (5-GGGTTATTTATTGGGTACAAAAGAAAAG-
AGCATAACTCGTGGAGTGCGCAGATCCGCGGCCGC-
ATAGGCCACTAGTGG-3). Identities of the created deletion
strains were confirmed by PCR. OMA1 ORF was PCR-
amplified from the wild type genomic DNA with addition of a
TABLE 1
Yeast strains used in this study
Strain Genotype Reference
W303-1B MAT ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 [rho] R. Rothstein
DY5113 MATa ade2-1 his3-1,15 leu2-3,112 trp1 ura3-1[rho] D. Winge
W303-2A MATa ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 [rho] A. Barrientos
oma1 (OKY90) MAT ade2-1 his3-1,15 leu2-3,112 trp1 ura3-1 oma1::CaURA3 [rho] Ref. 14
oma1 (OKY199) MAT ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 oma1::TRP1 [rho] This study
oma1 (OKY207) MAT ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 oma1::HIS3MX6 [rho] This study
coa2 MAT ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 coa2::KanMX4 [rho] Ref. 34
sod2 MATa ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 sod2::KanMX4 [rho] A. Barrientos
YMN503 MATa ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 yta10::KanMX4 mrpl32::NatMX4 (pSu9-MRPL32) [rho] Ref. 35
yme1 MAT ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 yme1::HIS3MX6 [rho] This study
pcp1 MAT ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 pcp1::TRP1 [rho] This study
coa2 oma1 MAT ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 coa2::KanMX4 oma1::CaURA3 [rho] 14
sod2 oma1 MATa ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 sod2::KanMX4 oma1::URA3MX [rho] This study
YMN503 oma1 MATa ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 yta10::KanMX4 mrpl32::NatMX4
(pSu9-MRPL32) oma1::TRP1 [rho]
This study
yta10 oma1 MATa ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 yta10::HIS3MX6 oma1::TRP1 This study
yme1 oma1 MAT ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 yme1::HIS3MX6 oma1::CaURA3 [rho] This study
pcp1 oma1 MAT ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 pcp1::TRP1 oma1::URA3MX [rho] This study
OMA1-13Myc MATa ade2-1 his3-1,15 leu2-3,112 trp1 ura3-1 COA2-3HA::TRP1 OMA1-13Myc::HIS3MX6 [rho] Ref. 9
OMA1-TEV-MBP MATa ade2-1 his3-1,15 leu2-3,112 trp1 ura3-1 OMA1-TEV-MBP::HIS3MX6 [rho] Ref. 9
OMA1-TEV-MBP coa2 MATa ade2-1 his3-1,15 leu2-3,112 trp1 ura3-1 OMA1-TEV-MBP::HIS3MX6 coa2::URA3MX [rho] Ref. 9
Htt46Q-GFP MAT ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 YIp-GAL1-HTT46Q-GFP::LEU2 [rho] This study
Htt103Q-GFP MAT ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 YIp351-GAL1-HTT103Q-GFP::LEU2 [rho] This study
Htt46Q-GFP oma1 MAT ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 YIp351-GAL1-HTT46Q-GFP::LEU2 oma1::TRP1 [rho] This study
Htt103Q-GFP oma1 MAT ade2-1 his3-1,15 leu2-3,112 trp1-1 ura3-1 YIp351-GAL1-HTT103Q-GFP::LEU2 oma1::TRP1 [rho] This study
OMA1-13Myc MATa ade2-1 his3-1,15 leu2-3,112 trp1 ura3-1 COA2-3HA::TRP1 OMA1-13Myc::HIS3MX6
Htt46Q-GFP YIp351-GAL1-HTT46Q-GFP::LEU2 [rho] This study
OMA1-13Myc MATa ade2-1 his3-1,15 leu2-3,112 trp1 ura3-1 COA2-3HA::TRP1 OMA1-13Myc::HIS3MX6
Htt103Q-GFP YIp351-GAL1-HTT103Q-GFP::LEU2 [rho] This study
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3-tandem tag consisting of a single Myc epitope followed by
hexahistidine sequence. The XhoI and HindIII restriction sites
andXhoI andXbaI restriction sites were introduced for cloning
into pRS316 and pRS415 vectors, respectively. The constructs
were cloned under the control ofMET25 promoter and CYC1
terminator (20). The H203A, E204A, E204Q, P321A, E328A,
and C332A mutations in OMA1 were generated by side-di-
rected mutagenesis. The fragment encompassing a 450-bp
promoter region of OMA1, a respective ORF with 3-13Myc
epitope tag, andADH1 terminator was amplified from genomic
DNA of the DY5113 OMA1-13Myc strain. The 5-XhoI and
3-XbaI restriction sites were introduced in the process of
amplification. The resulting 2,191-bp sequence was cloned into
the pRS415 vector. The E204A, E204Q, and S334T mutations
were introduced using a QuikChange site-directed muta-
genesis kit (Agilent Technologies).
In addition, YIp351-Htt46Q-GFP and YIp351-Htt103Q-
GFP integrative constructs (21) and pSRX4a (22) and pRS426-
Afg1-Myc (23) plasmids were used. Cloning and plasmid prop-
agation were performed according to standard procedures in
Escherichia coli DH5 cells, as described (24). All constructs
were verified by DNA sequencing.
Culturing Conditions andGrowth Assays—Susceptibilities of
the strains and transformants to acute hydrogen peroxide stress
were tested as before (23). To test the recovery of peroxide-
treated cultures under severe oxidative stress conditions, plates
with the spotted cells were placed into a hyperoxic chamber
(95% O2) and incubated for 3 days at room temperature. Large
scale treatments of the cultures with H2O2, oligomycin, and
carbonyl cyanide m-chlorophenylhydrazone (CCCP) were
done as previously described (9, 25). Growth on the glucose
plates was assessed at 28 and 37 °C. Respiratory growth of the
yeast strains and transformants was tested as follows. Cells
were pregrown in selective medium supplemented with 2%
galactose and 0.2% glucose. Serial dilutions were spotted onto
2% glucose medium (control) and 2% glycerol- and 2% lactate-
containing YP or selective synthetic complete medium and
incubated 2 (glucose plates) to 4 days (glycerol-lactate plates) at
the indicated conditions. Quantitative assessment of strain sur-
vival under stress conditions was done through determination
of the colony forming units as described (26). Briefly, synchro-
nized cultures were grown to A600 of 0.5 and treated with 1 mM
H2O2 for 1 h. Following the treatment, 300 cells were plated on
YP-glucose plates to determine their ability to form viable col-
onies. Similarly, CCCP sensitivity was assessed by colony form-
ing units ofmid-logarithmic cells plated onYPDplates contain-
ing 45 M CCCP.
Mitochondria Isolation andAssays—Crude intactmitochon-
dria were isolated from cultured yeast cells according to the
published procedures (27). Mammalian mitochondria from
porcine kidney were isolated using the protocol described in
Boudina et al. (28). Concentrations of the total mitochondrial
protein were determined by Coomassie Plus protein assay
(Thermo Scientific). Co-immunoprecipitation of Oma1-MBP
and Oma1–13Myc on anti-Myc-agarose beads (Santa Cruz
Biotechnology) was carried out as described before (14, 18).
The blue native (BN)-PAGE of mitochondrial protein com-
plexes was done on continuous 5–13% gradient gel as previ-
ously (29). Two-dimensional BN/SDS-PAGE, antibody shift
BN-PAGE, and high velocity fractionation of protein com-
plexes were performed essentially as before (9, 29) with the
exception that a 10–50% continuous sucrose gradient was used
here. Collected gradient fractions were then subjected to either
SDS- or BN-PAGE and analyzed by immunoblotting.
The ATP-independent proteolytic activity in the mitochon-
drialmembraneswasmeasured as described previously (9). The
intensities of FITC-casein fluorescence weremeasured by LS55
(PerkinElmer Life Sciences) or Cary Eclipse (Varian) fluores-
cence spectrometer at 445-nm excitation and 515-nm emission
wavelengths. Specific aconitase activities were determined
according to the published procedure (30).
Cell Culture Experiments—22Rv1 human prostate adenocar-
cinoma cells provided by Dr. Melanie Simpson (University of
Nebraska-Lincoln) were maintained in RPMI 1604 medium
supplemented with 10% fetal bovine serum. Cells were trans-
fected with custom-made HuSH-29 lentiviral vectors express-
ing 29-mer shRNA directed against human OMA1 (OriGene).
Transfection with FuGENE 6 reagent (Roche Applied Science)
was carried according to manufacturer’s instructions. Selec-
tion, maintenance, and analysis of 22Rv1 transfectants was
carried out as described previously (31), except that RFP
tdTomato-expressing construct has been used to identify
transfected cells.
Fluorescence Microscopy—Synchronized WT and oma1
cells expressing Htt46Q-GFP or Htt103Q-GFP were grown in
selective galactose-containing medium for 6 h. Cells and
polyQ-GFP were visualized using the Olympus FV5000 IX81
confocal laser scanning microscope (Olympus America) at 488
nm under oil immersion. Visualizations were done using both
live and formaldehyde-fixed cells. Images were acquired and
processed with Fluoview 500 software (Olympus America).
Immunoblot Analysis—Proteins or protein complexes sepa-
rated by denaturing or native electrophoresis, respectively,
were transferred onto a nitrocellulose or PVDF membranes.
Immobilized polypeptides were sequentially incubated with
indicated primary antibodies and HRP-conjugated secondary
antibodies and visualized with chemiluminescent HRP sub-
strates (Pierce and Millipore). Monoclonal antibodies against
the Myc epitope were from Roche Applied Science and Santa
Cruz Biotechnology; the antibody recognizing MBP tag was
from New England Biolabs. Anti-porin and anti-GFP antibod-
ieswere obtained from Invitrogen; anti-tubulin serumandnon-
specific rabbit IgG were from Sigma. The antiserum to Atp2
(F1) subunit of F1-F0 ATPase was a gift fromDr. Alex Tzagoloff
(Columbia University). Dr. Roland Lill (Philipp University of
Marburg) kindly provided anti-Aco1 serum. The antibody
against human OMA1 was from Aviva Systems Biology.
Miscellaneous—Transformation of the yeast cells with inte-
grative cassettes or plasmids was done using the lithium acetate
procedure (32). Whole cell TCA extracts were generated as
described previously (9). MultAlin (33) and BoxShade software
programswere used for bioinformatic analysis ofOma1 protein
sequence. Statistical analyses were done using one-way analysis
of variance in KaleidaGraph 4.1 (Synergy Software) and
unpaired t test (Microsoft Excel). The p values of 0.05 were
considered statistically significant.
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RESULTS
Lack of Oma1 Affects Cellular Tolerance to Conditions of
Mitochondrial Stress—We have previously shown that con-
served metalloprotease Oma1 mediates selective proteolytic
degradation of the hypohemylatedCox1 subunit of cytochrome
c oxidase (9, 14). In addition, studies in yeast and mammalian
models indicated that Oma1 might be activated in response to
homeostatic insults such as oxidative stress (9) and loss ofmito-
chondrial membrane potential (10, 11). To corroborate the role
of Oma1 in mitochondrial stress management, we quantita-
tively assessed survival of the WT and oma1 cells after expo-
sure to 1 mM hydrogen peroxide in liquid culture or on plates
containing the uncoupler CCCP. Two independent strains
lackingOma1 exhibited amarkedly reduced ability to form via-
ble colonies on glucose medium after acute treatment with
hydrogen peroxide or chronic exposure to CCCP (Fig. 1A). The
observed effect is most likely due to the increased sensitivity of
oma1 cells to the stressor-induced cell death. To confirm that
impaired viability of oma1 cells is due to oxidative stress, we
examined the genetic relationship between OMA1 and SOD2,
the gene encoding the predominantly mitochondrial manga-
nese superoxide dismutase. Sod2 plays a key role in mitochon-
drial antioxidant defense and is required for normal mitochon-
drial function in stationary phase (36, 37). In accordance with
previous observations (37), respiratory growth of the stationary
phase-grown sod2 strain was impaired. Interestingly, cell via-
bility on galactose-containing plates was also attenuated, likely
because of oxidative damage of enzymes in the TCA cycle.
Although OMA1 deletion alone did not lead to appreciable
growth impediment, the oma1 sod2 double mutant showed
a substantial synergistic growth defect on both galactose- and
glycerol/lactate-containing plates (Fig. 1B). Consistently, the
activity ofmitochondrialmatrix enzyme aconitase, awell estab-
lished biomarker of oxidative stress (38), was affected in sta-
tionary glucose-grown oma1 sod2 cells to a higher extent
then in sod2 cells (Fig. 1C). The impaired aconitase activity is
most likely due to the oxidative damage of the solvent-exposed
iron sulfur cluster (38) because the protein levels remained
unchanged in all samples tested (Fig. 1D). Of note, we did not
observe changes in processing of yeast OPA1 ortholog Mgm1
under the conditions tested (not shown).
Both hydrogen peroxide and CCCP are harsh stressors and
used at concentrations that cells may never encounter under
physiological conditions.Does deletion ofOma1 sensitizes cells
tomore physiologically relevant stressors? A number of studies
have established that human aggregation-prone proteins
involved in neurodegenerative disorders such as Parkinsonism
(-synuclein) andHuntington’s disease (huntingtin; Htt) retain
their cytotoxic properties when expressed in yeast cells (39, 40).
Mutant Htt proteins with expanded C-terminal polyglutamine
(polyQ) regions become neurotoxic and prone to aggregation,
and a significant fraction of Htt-polyQ aggregates is known to
associate with mitochondria (reviewed in Ref. 41). It is there-
fore not surprising that mitochondrial dysfunction is one of the
early, well documented consequences of Htt-polyQ aggrega-
tion (41). If Oma1 were required for mitochondrial health, its
loss should increase cytotoxic effects of mutant huntingtin-
GFP fusion. We therefore tested the effects of Htt-polyQ
expression in oma1 cells. Consistent with previous reports
(21, 40), induced expression of the Htt103Q-GFP in WT cells
for 6 h showed predominantly diffused cytoplasmic fluores-
cence with few brighter foci likely reflecting Htt aggregates. In
contrast, Htt103Q-GFPwas seen to aggregate to amuch higher
extent when expressed in the oma1 strain (Fig. 1E). Loss of
Oma1 did not affect expression levels of Htt103Q (Fig. 1E, bot-
tom panel). Of note, we observed that the morphology of the
oma1 cells expressing Htt103Q-GFP was compromised,
although the growth properties of both strains were compara-
ble under conditions tested (not shown). Combined, these data
demonstrate that oma1 cells are more susceptible to mito-
chondrial stress conditions and indicate that Oma1 plays an
important role in mitochondrial stress tolerance.
Oma1 Proteolytic Activity Is Elevated under Mitochondrial
Stress Conditions and Is Critical for Survival—Oma1 is anATP-
independent protease that contains a highly conservedHEXXH
motif (Fig. 2A) found in other zincmetallopeptidases (6, 7). The
histidine residues are most likely Zn(II) ligands, and the gluta-
mate is an invariant catalytic residue involved in the nucleo-
philic attack of a water molecule on the carbonyl carbon of the
scissile peptide bond (6). To test whether proteolytic function
of Oma1 contributes to its protective role against mitochon-
drial stress, we employed the FITC-casein processing assay that
we have recently developed for measuring Oma1 protease
activity (9). We assessed the ATP-independent proteolysis of
this fluorogenic substrate in themitochondrialmembranes iso-
lated from WT and oma1 cells that have been exposed to an
acute oxidative stress withH2O2 or oligomycin-elicited chronic
hyperpolarization. Membranes isolated from peroxide- and
oligomycin-treatedWT cells showed markedly elevated pro-
teolytic activity compared with the mock treated control (Fig.
2B, upper panel). In contrast, casein proteolysis was not
increased and remained at basal levels in the membranes from
the stressed oma1 cells (Fig. 2B, lower panel). To further con-
firm that Oma1 is a major contributor to ATP-independent
proteolysis in the mitochondrial membranes upon stress, we
generated H203A and E204A catalytic mutant forms of Oma1
and assessed their protease activity. Membranes isolated from
H2O2-stressed oma1 cells harboring the Oma1 mutants
H203A and E204A had significantly lower proteolytic activity,
even though expression levels of the mutants were comparable
with that ofWTOma1 in control cells (Fig. 2C). Similar results
were obtained with membranes derived from coa2 oma1
cells expressing the respectivemutant alleles of Oma1 (data not
shown).
To test whether the catalyticmutant alleles ofOma1 retained
key functions in vivo, we initially tested oma1 cells for stress-
related growth phenotypes that do not require extensive quan-
tification. One condition that resulted in significant growth
impairment was the propagation of mutant cells under severe
oxidative stress. Cells lackingOma1were growth compromised
when incubated with H2O2 for 2 h and then cultured under
hyperoxia (95% O2) conditions. The WT Oma1 but not the
E204A mutant variant reversed the growth impairment
observed with oma1 cells (Fig. 2D). Collectively, these results
Oma1 inMitochondrial Stress Protection
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indicate that Oma1 proteolytic activity is required for mito-
chondrial stress management.
Molecular Organization of Oma1 under Normal Conditions—
Previous studies have established that Oma1 forms a complex
of high molecular weight (8, 9). Mass spectrometric analysis of
native, dually tagged immunoprecipitates from WT cells did
not reveal any additional proteins associated with Oma1 (9).
We thus hypothesized that the Oma1 complexmay represent a
homo-oligomer of Oma1. To test this hypothesis, we used a
previously generated strain in which the tobacco etch virus
cleavage site-containing maltose-binding peptide (MBP)/
8His chromosomal tag was integrated at the 3 end ofOMA1
FIGURE 1. Loss of Oma1 affects cellular tolerance tomitochondrial stress stimuli. A, survival ofWT and oma1 cells. Synchronized cultures were grown to
mid-logphase andacutely treatedwith1mMH2O2or chronically exposed to45MCCCP. Sampleswerediluted to300 cells andplated for survival ontoglucose
(YPD)plates, and thenumberof colony formingunitswas assessedafter 2daysof incubationat 28 °C. The error bars indicate S.D. (n5); *,p0.05; **,p0.005
(unpaired t test, one-way analysis of variance).B,WT,oma1, sod2, andoma1 sod2 strainsweregrown to stationaryphase in completemediumcontaining
2% glucose. Cells were serially diluted and spotted onto plates containing 2% glucose (YPD), galactose (YPGal), or glycerol/lactate (YPGL) as a sole carbon
source. Pictureswere taken after 2 (glucose plates) or 4 (galactose or glycerol/lactate plates) days of incubation at 28 °C.Gly., glycerol; Lac., lactate. C, aconitase
activity in mitochondria isolated from the respective strains grown to logarithmic or stationary phase (mean values S.D., n 3 biological replicates). The
bottom panel shows actual data and p values for respective stationary phase cultures. *, WT versus indicated mutants; #, sod2 versus sod2 oma1 cells;
unpaired t test, one-way analysis of variance. D, steady-state levels of aconitase (Aco1) and porin (loading control) in the strains described above. The
TCA-precipitated whole cell extracts were subjected to SDS-PAGE and analyzed by immunoblotting with the respective antibodies. E, top panel, visualization
of Htt-103Q-GFP in WT and oma1 cells. Synchronized cells bearing an empty YIp vector or an integrative plasmid with GAL1 promoter-driven Htt-103Q-GFP
were pregrown in YPGL  0.2% glucose. The cultures were then transferred into galactose-containing medium and incubated for 6 h at 28 °C to induce
Htt-103Q-GFP expression and assessed by confocalmicroscopy. The scale bars indicate 5m. Bottompanel, immunoblot analysis of Htt-103Q-GFP levels inWT
and oma1 cells. DIC, differential interference contrast.
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(9). The tag does not affect Oma1 function as judged by rapid
Cox1 degradation when COA2 is disrupted in these cells (data
not shown). Mitochondria isolated from Oma1-MBP cells
expressing low copy plasmid-borne Myc-tagged Oma1 were
used in co-immunoprecipitation studies. Precipitation of
Oma1-Myc with anti-Myc-agarose beads led to co-immuno-
precipitation of a fraction of Oma1-MBP (Fig. 3A). Hence, sev-
eral Oma1 molecules can associate with each other under nor-
mal conditions. However, this result does not fully exclude the
possibility that additional proteins may be present in the Oma1
complex.
To better characterizeOma1multimerization and gain addi-
tional insights into its function, we assessed the behavior of
Myc-tagged Oma1 upon velocity sucrose gradient fraction-
ation. Consistent with previously published results of gel filtra-
tion and BN-PAGE analyses (8, 9), Oma1-Myc was observed to
fractionate in highmass fractions of	250–300 kDa (Fig. 3B). A
complex of similar size is observed by both BN-PAGE and
velocity gradient fractionation when Myc-tagged Oma1 is
expressed from a vector (Fig. 3C, lane 2, and not shown). The
E204A catalytic mutant protein formed a complex of similar
size and abundance when expressed in oma1 cells (Fig. 3C,
lane 3). To further confirm the presence of severalOma1 copies
in the complex observed by BN-PAGE,we conducted a series of
antibody shift experiments. Mitochondrial lysates from cells
containing Myc-tagged Oma1 alone or co-expressing Oma1–
13Myc andOma1-MBPwere incubated with antibodies specif-
ically recognizing these tags. If differentially taggedOma1 poly-
peptides are in the same complex, the binding of either
antibody will result in retardation of the mobility of the oligo-
mer on BN-PAGE. Although incubation with anti-Myc yielded
a dramatic mobility shift of Oma1 complex in each case (Fig.
3D, lanes 4 and 8), the addition of anti-MBP antibodies only
altered themigration of the oligomer in lysates containing both
Oma1 variants and not Oma1–13Myc alone (Fig. 3D, lanes 3
and 7). No shift in either case is observed with a nonspecific
antibody.
Finally, we analyzed the Oma1 complex in mammalian cells.
When tested by SDS-PAGE blot, the antibody raised against
human OMA1 recognizes a single band of 	45 kDa in both
22Rv1 human prostate adenocarcinoma cells extracts and
mitochondria isolated fromporcine kidneys (Fig. 3E, left panel).
This size matches themolecular weight previously reported for
human OMA1 (11). To ensure specificity of the anti-OMA1
signal, we attenuated OMA1 protein levels in 22Rv1 cells using
shRNA. Subsequent Western blot analysis revealed dramatic
reduction of the band recognized by anti-OMA1 in cells
expressingOMA1-specific shRNAs but not the scrambled con-
trol (Fig. 3E, right panel). Because isolating sufficient quantities
of mitochondria from 22Rv1 cells turned out to be a difficult
task, we elected to study OMA1 complex in porcine kidney
mitochondria. BN-PAGE analysis of porcine mitochondria
lysates with anti-OMA1 revealed that similar to yeast Oma1,
themammalian protease forms a highmolecularmass complex
of	250–300 kDa (Fig. 3F). Taken together, these results indi-
cate that 1) Oma1 exists as a homo-oligomer of high molecular
mass, which is not dependent on catalytic activity, and 2) the
molecular organization of Oma1 appears to be conserved
among eukaryotes.
Molecular Organization of Oma1 under Stress Conditions—
Wereported previously that theOma1 complex is altered in the
coa2 strain and cannot be effectively visualized by one-dimen-
sional BN-PAGE analysis, most likely because of lesser accessi-
bility of the epitope tag (9). This condition correlated with
increased proteolytic activity of Oma1 in these cells, which led
FIGURE 2. Oma1 proteolytic function is critical for cell survival under
stress.A, amino acid sequence alignment of the conserved fragment of yeast
Oma1 and its homologs. Sequences were aligned using MultAlin and Box-
Shadeprograms. Identical aminoacid residues are shaded inblack, conserved
residues are shaded in dark gray, and the similar residues are shaded in light
gray. The signaturemetalloprotease domain is indicated. B, proteolytic activ-
ities of the ATP-depleted mitochondrial membranes derived from WT (top
panel) and oma1 (bottom panel) strains. Cells in the mid-logarithmic phase
were diluted with the fresh culture medium and mock treated or stressed
with either 4 mM H2O2 (acute 2-h stress) or 4 M oligomycin (chronic 8-h
stress). Membrane fractions derived from isolated mitochondria were resus-
pended in the reaction buffer and incubated with FITC-casein at 25 °C for 35
min. Membranes were then removed by centrifugation, and collected super-
natants were diluted 10-fold and used in fluorescence measurements. The
fluorescence intensitiesweredeterminedat excitationwavelengthof 445nm
andanemissionwavelengthof 515nmandnormalized to the fluorescenceof
FITC-casein incubated without membranes. The results shown are the aver-
ages of three independent experiments; the error bars indicate S.D. Panels
underneath the graphs represent the loading control for each proteolytic
reaction and show isolated membrane fractions (25 g) separated by dena-
turing electrophoresis and visualized by Coomassie staining. C, proteolytic
activities of the membranes derived from H2O2-stressed oma1 strains
expressing wild type Oma1 or its mutant forms with substitutions in the con-
served catalytic residues. Steady-state levels of the expressed constructs
were examined by Western blot with anti-Myc antibodies. The levels of the
outer mitochondrial membrane protein porin, visualized with anti-Por1,
served as a loading control.D, indicated cells were grown tomid-logarithmic
phase and incubated with () or without (
) 6 mM H2O2 for 2 h at 28 °C.
Followed incubation, the samples were serially diluted, plated onto the YPD
medium, and incubated under normoxia (21% O2 for 36–48 h) or hyperoxia
(95% O2 for 48–72 h) conditions at 25 °C.
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to the hypothesis that the shift of the Oma1 complex to a lower
mass assembly may represent an activation step. To evaluate
this postulate, we first tested the properties of the Oma1 oligo-
meric complex in cells exposed to conditions of mitochondrial
stress that lead to increased Oma1proteolytic activity (Fig. 2B).
WT cells bearing Oma1–13Myc chromosomal tag were mock
treated or stressed with either H2O2, CCCP, or oligomycin as
described above, and mitochondria isolated from these cells
were analyzed by BN-PAGE.Consistentwith our previous find-
ings, Oma1 oligomer was attenuated in cells treated with either
stressor (Fig. 4A), and an Oma1 complex of a lower apparent
mass (C2) was revealed by two-dimensional BN/SDS-PAGE
analysis (Fig. 4B). Likewise, other mitochondrial stresses such
as treatment of cells with the mTOR protein kinase inhibitor
rapamycin (26) or induced expression of Htt103Q-GFP caused
alteration of the Myc-tagged Oma1 complex (Fig. 4A, lanes 7
and 8, and data not shown). In each case, no biologically signif-
icant changes in the mRNA and steady-state levels of Oma1
were detected (Fig. 4A and not shown). The E204A substitution
did not impairH2O2-triggered alteration of theOma1 oligomer
(Fig. 4C).
To isolate basal and activated conformers of Oma1, mito-
chondria from mock treated and stressed Oma1–13Myc
expressing cells were lysed and subjected to high velocity gra-
FIGURE 3. Oma1 forms homo-oligomeric complex. A, co-immunoprecipitation (IP) of differentially tagged Oma1 variants. Mitochondria (500 g) isolated
from chromosomally tagged Oma1::TEV-MBP cells expressing Oma1–13Myc or empty vector were solubilized in 1% digitonin-containing buffer and clarified
extracts immunoprecipitatedonanti-Myc-agarosebeads for 6hat 4 °C.Westernblotwith anti-Mycandanti-MBPantibodies shows5%ofmitochondrial lysates
prior and after incubation with resin (Load and Unbound), the entire fraction of the last wash, and 50% of the bead eluate. B, mitochondria (2 mg) from
Oma1::13Myc-expressing strain were lysed in buffer containing 1% digitonin and subjected to ultraspeed centrifugation over a continuous 10–50% sucrose
gradient. Migration of theOma1-Myc is shown relative to the 440-kDa Porin complex. C, 70g ofmitochondria derived form oma1 cells bearingMyc-tagged
WTOma1 or E204A catalyticmutantwere solubilizedwith 1%digitonin and analyzed by BN-PAGE. TheOma1–13Myc complexwas detected by blotting using
anti-Myc antibody, andmonomeric respiratory complex V (V) (loading control) was detectedwith anti-F1 serum. The bottompanel shows steady-state levels of
proteins from the same set of mitochondria (20 g) analyzed by SDS-PAGE and immunoblotting with antibodies against the Myc epitope and porin. D,
mitochondria (70 g) from strains expressing Oma1–13Myc alone or in combination with Oma1-TEV-MBP were solubilized with digitonin and lysates incu-
batedwith either nonspecific rabbit IgG, anti-Myc, or anti-MBP antibodies for 60min on ice. Followed the incubation, lysateswere reclarified by centrifugation
and subjected to BN-PAGE. E, left panel, the TCA-precipitatedwhole cell extract from 22Rv1 human prostate adenocarcinoma cells (50g of total protein) and
porcine kidneymitochondria (20g)were separatedbySDS-PAGEandanalyzedby immunoblottingwith anti-OMA1antibody.Right panel,Westernblot of the
extracts from22Rv1 cells after transfectionwith an shRNA scrambled control and twodifferent shRNAs directed againstOMA1. The levels of OMA1 and tubulin
were assessed using respective antibodies. F, purified mitochondria (mito., 40 and 80 g) from porcine kidney were analyzed by BN-PAGE as described for C.
The OMA1 complex was visualized by immunoblot with an antibody against human OMA1.
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dient fractionation. Surprisingly, we found no significant differ-
ences between the fractionation patterns of the Oma1 complex
in stressed and normal mitochondria (Fig. 5A). BN-PAGE con-
dition is known to destabilize labile protein complexes (42, 43).
We reasoned that this might be the case for theOma1 oligomer
in the stressed cells. To test this scenario, we used two comple-
mentary assays. First, we collected Oma1 complex-enriched
sucrose gradient fractions from velocity-fractionated Oma1–
13Myc WT mitochondria isolated from stressed and normal
cells. Recovered high mass Oma1-containing fractions were
then subjected to BN-PAGE. The	250-kDa Oma1 complex is
readily observed in BN-separated fractions derived from non-
stressed cells (Fig. 5B, lanes 1–3). In contrast, Oma1 oligomer
from H2O2 or oligomycin-treated samples was destabilized by
the BN-PAGE condition (Fig. 5B, lanes 4–9). The steady-state
FIGURE 4. Oma1 complex is perturbed by various mitochondrial stress
stimuli. A, BN-PAGE and SDS-PAGE analyses of mitochondria isolated from
Oma1–13Myc endogenously tagged cells that have been grown to the mid-
logarithmic phase and either mock treated or incubated with 4 mM H2O2 for
2 h (lanes 1 and 2), 45M CCCP for 2 h (lanes 3 and 4), 4M oligomycin (Oligo)
for 8 h (lanes 5 and 6), or 30 ng/ml rapamycin (Rapa) for 2 h (lanes 7 and 8). V,
complex V.B, representative two-dimensional BN/SDS-PAGEanalysis ofmito-
chondria (300 g) from Oma1–13Myc-taggedWT cells grown with (Oligo) or
without (Mock) 4 M oligomycin as described for A. Protein complexes were
separated by BN-PAGE in the first dimension, subjected to denaturing SDS-
PAGE in the second dimension, and analyzed by immunoblot. C1 and C2
denote the basal and stress-generated species of Oma1. long exp., long expo-
sure. C, the oma1 cells bearing WT Oma1 or E204A catalytic mutant were
cultured as above and incubated in the presence () or absence (
) of 4 mM
H2O2. Purifiedmitochondria (70g) were solubilized with digitonin and sub-
jected to either native or denaturing electrophoresis. Separatedprotein com-
plexes or denatured proteins were visualized as in Fig. 3C.
FIGURE 5. Oma1 complex is destabilized upon mitochondrial stress. A,
velocity gradient fractionation of 13Myc-tagged Oma1 complexes. WT cells
were treated with indicated stressors as described in Fig. 4A. Isolated
mitochondria were solubilized in digitonin-containing buffer, and clari-
fied lysates were subjected to high velocity gradient centrifugation and
analyzed as in Fig. 3B. B, intact Oma1–13Myc complexes from stressed or
mock treated cells were isolated via sucrose gradient fractionation and ana-
lyzed by native and denaturing gel electrophoresis and immunoblotting. C,
an aliquot of theOma1–13Myc complex-containinggradient fractionderived
from unstressed or H2O2- or CCCP-challenged cells was incubated with or
without minute amounts of proteinase K (final concentration, 0.4 g/ml) for
the indicated periods of time and analyzed by Western blot. Oligo, oligomy-
cin; Prot. K, proteinase K.
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levels of Oma1–13Myc in the tested fractions remained largely
unchanged in each case (Fig. 5B, bottom panels). In the second
approach, we tested the stability of isolated Oma1 oligomers in
a protease protection assay, which allowed us to assess the con-
formational state of the Oma1 complex under normal and
stress conditions. Oma1 high molecular mass assembly-con-
taining sucrose gradient fractions frommock,H2O2-, orCCCP-
treated samples were incubated in the presence of low amounts
of proteinase K. All Myc-tagged Oma1 isolates remained
equally stable in the absence of proteinase K, therefore exclud-
ing a self-cleavage scenario (Fig. 5C, top panels). Oma1–13Myc
derived from mitochondria of untreated cells demonstrated a
limited resistance to proteinase K. Conversely, the variants iso-
lated from stressedmitochondria displayedmarkedly increased
sensitivity to externally added proteinase, pointing to changes
in the conformation state of these Oma1 oligomers (Fig. 5C,
bottom panels). Hence, mitochondrial stress conditions such as
oxidative stress or alterations of membrane potential led to
changes in the conformational state and stability of the Oma1
complex.
Isolation and Analysis of S334T Oma1 Mutant—When gen-
erating the plasmid-borne version of Oma1–13Myc, we ran-
domly obtained a clone that, unlike the other variants isolated
in that batch, was unable to reverse the respiratory competence
of the coa2 oma1 strain (Fig. 6A). Subsequent analysis
revealed the vector contained a S334T amino acid change. The
inability of Oma1 S334T to complement the coa2 oma1
strain suggested that Oma1 function may be compromised by
this substitution. To gain additional insights into stress-trig-
gered Oma1 activation, we sought to further characterize this
mutant. Serine 334 is distant from the active site and adjacent to
the Oma1-specific conserved C-terminal region (Fig. 6B).
Immunoblot analyses revealed that the S334T mutant protein
is stable when expressed in oma1 cells and is able to oligomer-
ize (Fig. 6C). Of note, we noticed that in some experiments
S334TOma1 formed slightly more abundant complex than the
WT protein. No dominant negative effect was observed upon
expression of Oma1 S334T in WT cells.
Even though native gel conditions are destabilizing for the
Oma1 complexes derived from stressedmitochondria, this pro-
cedure provides a valuable assay that allows detection of stress-
altered (and presumably proteolytically active) Oma1. We
therefore tested BN-PAGE migration patterns of the WT and
S334T Oma1 variants expressed in the coa2 oma1 double
FIGURE 6. C-terminal mutations affect stress activation of Oma1. A, respiratory growth of WT, oma1, coa2 cells, and coa2 oma1 strains transformed
with an empty vector, WT Oma1, or its S334Tmutant variant. Cells were pregrown in synthetic selective completemedium containing 2% galactose and 0.1%
glucose andhandled and tested as in Fig. 1B, except that supplemented synthetic completemedium (SCGandSCGL) plateswere used. B, amino acid sequence
alignment of the Oma1 C-terminal fragments from budding and fission yeast and human. Identical amino acid residues are in black, conserved residues are in
dark gray, and similar residues are in light gray. The fragment ofM48metallopeptidase domain andOma1-specific region are indicated. A closed circle denotes
the position of S334T substitution. C and D, mitochondria from oma1 or coa2 oma1 cells expressing WT or S334T 13Myc-tagged Oma1were lysed,
subjected to native or denaturing electrophoresis, and analyzed by immunoblotting as in Fig. 3C. V, complex V. The upper right panel inD (BN-PAGE analysis of
Oma1–13Myc variants in coa2 oma1 transformants) shows extended exposure to reveal stress-altered Oma1 conformers (C2). E, proteolytic activity of the
mitochondrial membranes derived fromH2O2-stressed oma1 transformants described above. The ATP-independent processing of FITC-caseinwas assessed
as indicated in Fig. 2. F, left panel, coa2 oma1 cells expressing WT Oma1, P321A Oma1, E328A Oma1, and C332A Oma1 were grown and analyzed for
respiratory growth as above. Right panel, steady-state levels of Oma1-Myc and itsmutant variants inmitochondrial extracts form the respective transformants.
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mutant. Oma1 is constitutively active in the coa2 cells (9).
Consistent with that finding, we predominantly observed the
destabilizedWTOma1 conformer (Fig. 6D, lane 4). In contrast,
the S334Tmutant presented as a smear between the stable and
destabilized forms (Fig. 6D, lane 5). Such a pattern was
observed in both the coa2 oma1 strain and H2O2-treated
oma1 cells expressing S334T Oma1 (Fig. 6D and data not
shown). We hypothesized that the S334T Oma1 variant is
impeded in stress-mediated transition to the labile form and,
thus, in its catalytic activation. To further examine this possi-
bility, we isolated mitochondrial membranes from hydrogen
peroxide-treated oma1 cells bearing WT Oma1 or S334T
mutant and tested their ability to process FITC-casein fluoro-
genic substrate. The level of FITC-casein proteolysis wasmark-
edly decreased in the membranes derived from cells expressing
S334T Oma1 relative to ones harboring the WT protease (Fig.
6E). A similar impediment in casein proteolysis was observed
with S334T-expressing membranes from the coa2 oma1
strain (data not shown). We thus concluded that Oma1 cata-
lytic activation is impaired by the S334T substitution. Although
Ser-334 is not a conserved residue, it is adjacent to the region
harboring highly conserved Pro-321, Glu-328, and Cys-332.
The observed effects of the S334Tmutationmay thus be due to
interfering with the function of these conserved residues. To
test this idea, we engineered Oma1 variants with P321A,
E328A, and C332A substitutions and tested for their ability to
abrogate the alleviating effect of Oma1 deletion in the coa2
oma1 cells. Although expressed and stable, all three mutants
failed to reverse the respiratory competence of coa2 oma1
cells (Fig. 6F). These results suggest that the C-terminal region
of Oma1 appears to contain residues important for its activa-
tion and function.
Synthetic Genetic Interactions of Oma1—Accumulating evi-
dence indicates that IMQC components are functionally inter-
twined, likely because of substrate overlapping functions.
Simultaneous loss of i-AAA and m-AAA or i-AAA and Prd1
proteases results in synthetic growth defects (44–46). Studies
on the degradation of the Oxa1 L240S temperature-sensitive
mutant have identified functional overlap between Oma1 and
m-AAA protease and suggested that Oma1 may work in con-
cert with other IMQC proteases (8). To better understand the
genetic relationship between OMA1 and the genes encoding
IM-localized IMQC proteases, we generated a series of strains
lackingOMA1 and eitherYTA10 (subunit ofm-AAAprotease),
YME1 (i-AAA protease), or PCP1 (rhomboid protease) and
examined their growth under various conditions. With the
exception of yta10 and oma1 yta10 cells, whose growth
was slightly retarded, all mutants exhibited normal survival on
glucose medium, when grown to either logarithmic or station-
ary phase at 28 °C (Fig. 7A, left panels). However, a substantial
survival defect in the oma1 yta10 and oma1 yme1 double
mutants was observed upon incubation at 37 °C. The synergis-
tic growth defects are especially pronounced in the stationary
phase cultures and also become apparent in oma1 pcp1 cells
(Fig. 7A, right panels). Similar effects were also observed on
galactose plates. The growth defect on glucose medium indi-
cates an impairment of general mitochondrial function in the
respective doublemutants. Next, we testedwhether the proteo-
lytic function of Oma1 is important for survival of the IM pro-
tease-deficient mutants. The expression of WT Oma1, but not
the E204Avariant in oma1 yta10 cells restores growth under
elevated temperature (Fig. 7B). Likewise, theWTOma1 but not
the E204A variant reversed the growth impairment of the
oma1 yme1 double mutant under these conditions.
Accumulation of misfolded proteins within the mitochon-
dria may elicit a negative impact on mitochondrial function (2)
and thus be a possible cause for the observed growth defects. To
test this idea, we assessed the ability of several IMQC-related
molecules to suppress the growth impediment of oma1
yta10 and oma1 yme1 strains. Our mini-screen identified
FIGURE 7. OMA1 genetically interacts with inner membrane-bound proteases. A, fermentative growth of WT, oma1, yta10, yme1, pcp1, oma1
yta10, oma1 yme1, and oma1 pcp1 strains. Synchronized cells were grown in complete medium with 2% glucose (YPD) to either logarithmic or
stationary phase, serially diluted, and spottedonto solid YPD. Plateswere incubated for 2days at 28 °Cor 37 °C.B, glucosegrowthofoma1 yta10 andoma1
yme1 strains transformed with empty vector, OMA1, or E204A catalytic mutant. Cells were grown in the selective synthetic medium and handled as in A. C,
growth of the oma1 yta10 and oma1 yme1 double mutants transformed with an episomal vector harboring PIM1 or AFG1. Synchronized stationary
culturespregrown in syntheticmediumwith2%galactose, permittingplasmidpropagationandexpressionwere spottedontoYPGalplates and incubated3–4
days under conditions described above.
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genes coding for AAA protease Pim1/Lon (47, 48) and a poorly
characterized conservedmitochondrial AAAproteinAfg1 (23),
which partially suppress the growth defect of oma1 yta10
cells when expressed from 2 vectors (Fig. 7C). In contrast,
overexpression of PIM1 and AFG1 failed to suppress the tem-
perature growth impairment of oma1 yme1 cells. Collec-
tively, these results are consistent with the Oma1 acting in par-
allel with several IMQC proteases in the IM and underscore its
significance in mitochondrial protein homeostasis and stress
management.
DISCUSSION
Oma1 is a conserved membrane-bound protease involved in
cleavage of several proteins integral to the IM. It is involved in
the proteolytic removal of misfolded IM insertase Oxa1 and
hypohemylated Cox1 subunit of cytochrome c oxidase in yeast
(8, 9, 14). Studies in mammalian cells established a role for
Oma1 in regulating processing of IM GTPase OPA1 upon the
loss of membrane potential (10, 11). These studies implicated
Oma1 as a potential stress-activated protease; however, its role
in mitochondrial stress management remained largely enig-
matic. We demonstrate here that yeast Oma1 is a bona fide
stress-activated protease important for adaptive physiological
responses to various stress stimuli and preservation of normal
mitochondrial function under damage-eliciting conditions.
Changes in membrane potential, oxidative stress, or chronic
hyperpolarization lead to increased Oma1-mediated proteoly-
sis. This proteolytic response is abrogated upon the loss of
Oma1 or its catalytic activity. Our results provide several lines
of evidence that the proteolytic function of Oma1 is critical for
normal mitochondrial physiology. First, cells lacking Oma1
demonstrate an increased sensitivity to H2O2- and CCCP-in-
duced cell death. Likewise, oma1 cells expressing catalytically
inactive protease are unable to recover fromH2O2-elicited oxi-
dative stress under hyperoxia condition. Second, loss of Oma1
and Sod2, a key antioxidant enzyme in the mitochondrial
matrix, leads to synthetic growth defects on glycerol and galac-
tose media. Consistently, the activity of oxidative stress-sensi-
tive metabolic enzyme aconitase is dramatically decreased in
oma1 sod2 cells. These results highlight the physiological
role of Oma1 function in preventing reactive oxygen species
accumulation. The protective function of yeast Oma1 does not
seem to involve stress processing of Mgm1/OPA1. This result
is consistent with previous reports indicating that Mgm1 pro-
cessing is independent of Oma1 (49–51). Our results also indi-
cate that the mechanism(s) by which Oma1 promotes cell sur-
vival during stress is not limited to the regulation of IM
dynamics.
The finding that the loss of Oma1 enhances cytotoxic effects
of Htt-polyQ expression in yeast cells further argues for the
protective role of Oma1 against homeostatic insults. Although
somewhat puzzling, this observation is not unprecedented; a
recent study reported that yeast cells lacking mitochondrial
AAA protease Pim1/Lon are prone to accumulation of cyto-
solic protein aggregates (52). In light of these observations, it is
tempting to speculate that a dysfunction or decline in Oma1
activity may be a neurodegeneration-predisposing factor.
Interestingly, a recent high throughput sequencing study in
patientswith familial and sporadic forms of amyotrophic lateral
sclerosis identified several heterozygous mutations in OMA1
(53).
Using BN-PAGE analysis, we reported previously that Oma1
forms a	250-kDa highmolecularmass assembly that is altered
in dysfunctional mitochondria (9). This result suggested that
stress-triggered changes in Oma1 oligomeric state may repre-
sent an activation event for Oma1. We presently show that
stress-triggered induction of Oma1 proteolytic activity is most
likely to be associated with conformational alterations within
the Oma1 homo-oligomeric complex. Several lines of evidence
argue in favor of this scenario. First, the velocity gradient cen-
trifugation profiles of Oma1 oligomers from stressed and nor-
mal mitochondria remain unchanged. Second, fractionation-
isolated intact Oma1 complexes from stressed mitochondria
demonstrate markedly reduced stability on BN-PAGE com-
pared with those derived from normal cells. Finally, the former
Oma1 oligomers are more susceptible to limited proteinase K
proteolysis when compared with unperturbed complex. It is
therefore likely that Oma1 stress activation may involve con-
formational rearrangements in the geometry of the active site, a
structural principle described for several bacterial membrane-
bound proteases (54–58). Future structural studies will inves-
tigate the molecular architecture of the Oma1 complex in its
different functional states.
Which part of Oma1 is involved in the stress-triggered acti-
vation of the protease? Comparison of amino acid sequences of
Oma1 and other M48 family metalloproteases from different
species reveals a stretch of conserved C-terminal residues spe-
cific to Oma1 orthologs. Isolation of the S334T loss of function
Oma1mutant points to the functional importance of the C-ter-
minal region. The S334T mutant complex is less prone to
stress-induced destabilization and does not show elevated
FITC-casein proteolytic activity under these conditions. These
observations suggest that the C-terminal region of Oma1 may
contain domains or residues important for Oma1 oligomeriza-
tion and/or transition to an active conformer. Although Ser-
334 per se is not a conserved residue, its immediate vicinity to a
conserved sequence is likely to be the underlying reason for
impaired stress activation of the S334T Oma1 mutant. Consis-
tent with this postulate, mutations in the adjacent conserved
residues impair Oma1 function. Structural, template-based
comparative modeling using i-TASSER platform (59) suggests
that all the residues in question are well exposed and may be a
part of an intersubunit contact site, thereby contributing to
stabilization of the Oma1 oligomer. However, at present we
cannot fully exclude the possibility that Ser-334 or Cys-332
might be an important post-translational modification site.
Studies in bacteria showed that the active sites of several
HtrA family serine proteases are improperly formed or blocked
and acquire “active” geometry only upon certain stress condi-
tions. In each case, a structure known as a helical lid that blocks
or distorts the enzyme active site under normal conditions is
lifted upon stress, thereby activating protease activity (54–58).
For these proteases, known stress triggers include binding of
unfolded peptides to a C-terminal PDZ domain (54–56) and
disulfide bond formation (56). Oma1 does not contain any PDZ
domains, and high temperature shift or direct administrations
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of DTT or H2O2 to isolated Oma1 complex do not appear to
modulate its stability and activity (data not shown). Structural
modeling predicts that a portion of theOma1-specific C-termi-
nal region is an-helix. It is plausible that this conserved region
may function similarly to the helical lid of serine proteases. The
fact that the C-terminal helix of Oma1 and its molecular orga-
nization are evolutionarily conserved further argues in favor of
this hypothesis.One caveat of thismodel is that the active site of
Oma1 has been predicted to localize on the matrix side of IM,
whereas the C-terminal region is exposed to the IMS (8). The
i-TASSER modeling indicates that Oma1 has only one trans-
membrane domain; thus its catalytic side and the C-terminal
helix seem to be facing the same side of IM. Consistently, our
subcellular fractionation experiments also indicate that yeast
Oma1 behaves as a single-span membrane protein (data not
shown). Future studies will address the role of the predicted
C-terminal helix in stress activation of Oma1.
Weobserved strong genetic interactions betweenOMA1 and
the genes encoding IM-localized m-AAA, i-AAA, and Pcp1-
rhomboid proteases. The synergistic growth defects are partic-
ularly pronounced in the stationary phase and at 37 °C, condi-
tions that require high mitochondrial function and known to
increase oxidative stress burden (60). The observed phenotypes
are consistent with a protective role of Oma1-mediated prote-
olysis. The lack of functional Oma1 increases the dependence
of IM protein homeostasis on other membrane-bound pro-
teases under these conditions. The extragenic suppressors that
we have identified further support this model. That is, previous
studies demonstrated that Pim1/Lon protease was protective
against formation of heat-induced or oxidatively modified pro-
tein aggregates (22, 47, 61).
Our findings suggest a tight functional link between Oma1
and other IM-bound IMQC proteases. Such a link is likely due
to substrate overlapping functions. The substrate overlap has
been shown for m-AAA and Oma1 proteases in yeast (L240S
mutant of IM translocase Oxa1) and mammalian (stress-in-
duced processing of IM GTPase OPA1) mitochondria (8, 10,
11). At present, it is unclear what defines cleavage specificity in
each case.Our data show thatOma1 functional overlap extends
beyond the m-AAA protease and suggest the existence of addi-
tional “shared” substrates for Oma1-i-AAA and Oma1-Pcp1
functional tandems. These findings are consistent with the
results of a recent high throughput study that identified genetic
interactions between OMA1 and MGR1 and MGR3 genes
encoding i-AAA protease adaptor proteins (62).
While this paper was in revision, a report appeared demon-
strating that mammalian OMA1 also acts as a general stress
responder by mediating OPA1 degradation in response to var-
ious mitochondrial stresses (63). Baker et al. showed that the
N-terminalmatrix-exposed portion ofOMA1contains a region
encompassing positively charged residues that are important
for stress-induced autocatalytic activation of the protease. This
mechanism, however, appears to be specific for vertebrates
because Oma1 of yeast and several other species do not harbor
such a domain. These authors also pointed out that the C-ter-
minal residues of Oma1 might be involved in Oma1 activation
and/or latencymaintenance. The precise role of Oma1 inmito-
chondrial stressmanagement and the identity of signals leading
to Oma1 activation are intriguing and remain to be elucidated.
Studies are underway to address these exciting questions.
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